Abstract: An increasing amount of research is focusing on comparing productivity in monospecific versus mixed stands, although it is difficult to reach a general consensus as mixing effects differ both in sign (over-yielding or under-yielding) and magnitude depending on species composition as well as on site and stand conditions. While long-term experimental plots provide the best option for disentangling the mixing effects, these datasets are not available for all the existing mixtures nor do they cover large gradients of site factors. The objective of this study was to evaluate the effects and uncertainties of tree species mixing on the productivity of Scots pine-European beech stands along the gradient of site conditions in Europe, using models developed from National and Regional Forest Inventory data. We found a positive effect of pine on beech basal area growth, which was slightly greater for the more humid sites. In contrast, beech negatively affected pine basal area growth, although the effects switched to positive in the more humid sites. However, the uncertainty analysis revealed that the effect on pine at mid-and more humid sites was not-significant. Our results agree with studies developed from a European transect of temporal triplets in the same pine-beech mixtures, confirming the suitability of these datasets and methodology for evaluating mixing effects at large scale.
Introduction
Mixed-species forests have attracted the interest of both researchers and managers in recent decades, mainly due to increasing evidence that they provide ecosystem services, such as diversity, nutrient cycling, and adaptation to climate change or disease control, to a greater degree than the monocultures [1] [2] [3] [4] [5] . Furthermore, tree species richness has generally been linked to higher productivity not only at regional level [6, 7] but also at larger [4, 8] or even worldwide scales [9] .
Furthermore, for certain species mixtures, productivity in mixed versus monospecific stands has been widely studied [10] [11] [12] [13] although there is a lack of consensus in the findings as it is difficult to generalize the effects of mixture on growth and yield. Numerous publications have reported that the effects of complementarity on productivity may differ in terms of sign (over-yielding or under-yielding) and magnitude depending on species compositions and their traits [14, 15] , stand structure [16] , age [17, 18] , stand density [12, 19] , or environmental conditions such as climate or soil [20] [21] [22] . These factors act as modulators, changing the interactions between a given pair of species when analyzing effects along spatial or temporal gradients [23] [24] [25] [26] .
Stand level empirical studies based on long-term experimental plots providing ceteris paribus conditions seem to be the best option for disentangling the mixing effects on productivity and the way in which they are modulated by certain factors [27] . These experimental plots consist of triplets, i.e., one plot located in a mixture of two-species together with two plots in neighboring monocultures. However, these datasets only exist for a limited number of species (e.g., [25, 28, 29] ) and, when available, they rarely cover an appropriate range of desired conditions [21, 30] . Hence, the analysis will only reflect the mixing effects under certain conditions. Moreover, some of the experiments were only established relatively recently or consist of temporal triplets [31] which means there is a lack of information about the stand history and therefore it is not always possible to assure that the three plots are at the same stage of stand development or even that they have the same stand densities or site conditions (e.g., soils).
The use of data from large-scale forest inventories, such as national forest inventories (NFI) allows a wider range of species mixtures and other factors to be covered. Moreover, recent studies have shown that these data provide a suitable alternative [13, 19, 21, 32, 33] . Although these datasets do not provide the same level of control of the conditions as that provided by the triplets, they present the advantage that they are systematically located across a much broader range of species assemblages, stand characteristics or site conditions [27, 32, 34] . However, inventory data analyses only provide statistical relationships between species composition and productivity, hence mixing effects could be confounded with hidden drivers affecting productivity, for instance, mixed stands could be located at slightly better sites compared with monocultures or data for mixed stands could be from different periods and different weather conditions [35] .
When using inventory data to study the mixing effects on productivity and its variation across spatial and temporal gradients, forest growth or efficiency models are required [32, 36] . These models would need to take into account all factors affecting productivity, such as those related to developmental stage or associated with silvicultural practices [21] . However, NFI data rarely provide reliable information in this regard. For example, due to the lack of stand age data in NFIs it is not possible to compare productivity between mixtures and monospecific stands at the same stage of development. This drawback can be partially overcome by comparing stands with the same quadratic mean diameter (e.g., [19] ), although this approach does not take into account the differences in growth rates between species. Furthermore, the lack of information with regard to stand history and past management makes it difficult to distinguish between the effects of density and mixing, since mixing species can Forests 2018, 9, 518 3 of 17 result in greater stand densities [37] . Moreover, correctly estimating maximum (or potential) densities by species is essential in order to obtain relative densities and species proportions in mixtures, which is probably the most frequently used variable for describing how species occupy growing space at stand level [38, 39] . Using species proportions without reference to the potential densities could lead to erroneous conclusions being drawn with regard to over-or under-yielding in the productivity of mixed stands [40] [41] [42] .
Among the studies which have used inventory data, there are considerable differences with regard to the structure of the models, the temporal and spatial scales, and the species and locations tested, which makes it difficult to interpret the results and highlights the need to test the ability of forest growth models to predict the mixing effects [30, 36] . Moreover, the use of models always implies a certain degree of uncertainty in the predictions, stemming from different sources of errors such as the model parameter estimates or independent variable sampling and measurement errors [43] . The importance of these errors in predicting growth has been studied in forest science since the mid-1980s, first at plot or stand level and more recently at regional or national level [44] , the general consensus being that sampling errors are the most important component of the uncertainty of predictions [45] .
When the objective is to analyze the mixing effects, the uncertainty of the models is especially relevant. Despite this, very little information is available regarding the influence of this source of errors on the prediction of mixing effects.
The main objective of this study was to evaluate the effects and uncertainties of tree species mixing on stand productivity using models developed from National and Regional Forest Inventory data and to identify the strengths and limitations of these databases and methods. For this purpose, we used NFI data from five countries for two species which are widely found throughout Europe and are of considerable importance, Scots pine (Pinus sylvestris L.) and European beech (Fagus sylvatica L.). Scots pine covers 12 million ha and European beech 49 million ha across Europe with a potential area for mixtures of 32 million ha [31, 46] . The information on these species includes maximum stand density relationships along climate gradients [38] and the effects of mixing have been extensively studied [19, 31, 45, 47] . This may permit better interpretation of our results and allow us to discuss the potential of NFI data.
The specific objectives were (i) to develop stand basal area growth models based on NFI data for monospecific and mixed stands of Scots pine and European beech along a gradient of site conditions in Europe; (ii) to analyze the mixing effects according to the models and the way in which they are influenced by stand density and humidity, as a measure of site climate, and (iii) to assess the uncertainty of the models given the impossibility of controlling all the mixing effects' modulators in the stands where monospecific and mixed plots are located.
Materials and Methods

Data
We used data from National Forest Inventories (NFI) and regional forest inventories (RFI) across five countries-Austria, France, Spain (Spanish NFI and Catalonian RFI separately), Germany (RFI Bavaria), and Poland ( Figure 1) . Together with the inventory data, mean annual temperature (T, • C) and annual precipitation (P, mm) were provided for each plot. Plots in which thinning treatments affecting more than 5% of total basal area had been applied during the considered growth period were removed from the dataset. Plots' type and size vary among countries, from the angle count plots in Austria to the concentric sample plots with a different number of radii in most of the other countries. A further description of the plots in each NFI and corresponding climate data for each country can be found in Condés et al. [38] . Using annual precipitation P, in mm, and mean annual temperature T, in • C, the Martonne aridity index [48] was calculated as M = P/(T + 10) and was used as a measure of climatic conditions. From these data, a total number of 540 sample plots located in mixed stands of Pinus sylvestris and Fagus sylvatica with a Martonne aridity index ranging from 30 to 100 were selected together with 2460 plots in monospecific beech stands and 8109 in monospecific pine stands within the same aridity range, although the plots in monospecific stands and mixtures did not follow the same Martonne aridity index distribution. We considered that a plot belonged to a monospecific stand when the main species accounted for more than 90% of the total basal area and that it was located in a mixture when each species accounted for at least 10% of the total basal area and both species together made up more than 90%. It is important to remark that the selected plots might cover both even and uneven-aged stands as well as different structures (density, spatial distribution, species intermingling or size distribution). Summary statistics of the sample plots used in this study are given in Table 1 . when the main species accounted for more than 90% of the total basal area and that it was located in a mixture when each species accounted for at least 10% of the total basal area and both species together made up more than 90%. It is important to remark that the selected plots might cover both even and uneven-aged stands as well as different structures (density, spatial distribution, species intermingling or size distribution). Summary statistics of the sample plots used in this study are given in Table 1 . Figure 1 . Location of the sample plots in monospecific pine stands (dark grey triangles), and monospecific beech stands (light grey circles) and mixtures of both species (black squares) used in this study together with the natural range of both tree species according to EUFORGEN [49] . Figure 1 . Location of the sample plots in monospecific pine stands (dark grey triangles), and monospecific beech stands (light grey circles) and mixtures of both species (black squares) used in this study together with the natural range of both tree species according to EUFORGEN [49] . N-number of trees per ha; dg-quadratic mean diameter (cm); H o -dominant height (m), RD-relative density, IG-basal area growth (m 2 ha
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Basal Area Growth Efficiency Models
With the aim of determining whether the basal area growth per hectare of each species was affected by the mixture effect, i.e., the effect of inter-specific competition is different from that of intra-specific competition, a growth efficiency model (GE sp ) was developed. We followed a similar approach to that used in Condés et al. [19] , although in this case the relative density of competitor species was considered instead of species proportions given that it has already been shown that mixing effects are modulated by density (see Section 2.2.1). Additionally, the Martonne aridity index as well as its interaction with relative density was included in the model to assess the influence of the humidity gradient given the wider spatial scale of the data used in this study:
where H o is the plot dominant height (m), dg sp the quadratic mean diameter of the species sp (cm), both together used as surrogates of site quality and age respectively, RD the plot relative density, M the Martonne aridity index and RD inter the relative density of the competitor species as a measure of the inter-specific competition.
The basal area growth efficiency GE sp , i.e., growth per hectare, was defined as the basal area growth, IG sp m 2 ·ha −1 ·year −1 , divided by the proportion by area occupied by this species: GE sp = IG sp /P sp , which allows comparisons to be made between the growth of species sp in monospecific and mixed stands [13] .
Relative Density and Species Proportions by Area
The plot relative density (RD) was estimated as the ratio between the number of trees per ha and the number of trees for the same quadratic mean diameter taken from the maximum stand-density lines of each species [50] . For each plot in monospecific or mixed stands, the maximum stem number for the species sp, Nmax sp , was calculated as a function of the species quadratic mean diameter (dg sp in cm) in dependence of M using the maximum size-density relationships for Pinus sylvestris and Fagus sylvatica developed by Condés et al. [38] for the 95th percentile:
The relative densities for each species (RD sp ) were obtained as the ratio between the observed number of trees per hectare for the species, N sp , and the corresponding maximum value:
Note that the relative densities calculated as Equation (3) were exactly the same when calculated as the ratio between the stand density index (SDI) and the maximum SDI for the target species; the SDI being the number of stems per hectare for a reference diameter (Equation (2a) or Equation (2b)), for example, of 25 cm [50] .
Total plot relative density RD was then calculated as the sum of the relative densities of all species present in the plot, i.e., RD = ∑ sp RD sp , and used to estimate species proportion by area (P sp ):
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Model Fitting
In a first step, the model in Equation (1) was fitted for each species using all available data from monospecific and mixed stands, i.e., 8649 sample plots for pine and 3000 plots for beech. Variables were incorporated into the model if they led to a statistically significant improvement in the quality of the model fit as assessed at the α = 0.05 significance level using the F-test based on the extra sum of squares principle.
Since the NFI data come from different countries, with different measurement protocols, a mixed model with random effects in the intercepts and with the country as the grouping structure was used for fitting the models. All models were fitted using the nlme R-package [51] , Akaike's information criterion (AIC) was used for selecting best models and conditional and marginal R 2 were used as measures of the goodness-of-fit [52] .
Uncertainty Assessment
The number of plots located in monospecific and mixed stands was clearly unbalanced, the number in the former being more than 10 times greater than that of the latter. Hence, when all plots together were used to develop growth efficiency models, this could have led to the models masking, or at least smoothing, the mixing effects. One possibility to address this shortcoming would be to fit the models using a subsample consisting of the same number of plots located in monospecific stands and in mixtures, hereafter referred to as pseudo-triplets. However, there was a lack of control of site conditions in the NFI plots and these conditions may be different between mixed and monospecific plots. Thus, the models developed from this artificial subsampling could be affected by the particularities of the pseudo-triplet selection and therefore the effects of site on growth efficiency could be confounded with the mixing effects.
To address these deficiencies and assess the consequence of not controlling all site conditions, a Monte Carlo bootstrap approach was used to select a set of 1000 different replications of a sample consisting of 540 pseudo-triplets. For each replication, r = 1 . . . 1000, a bootstrap resample of the same size as the original, i.e., 540 plots, was randomly drawn with replacement from all the plots located in mixed stands. The pseudo-triplets were completed by selecting, randomly and with replacement, 540 plots in monospecific pine stands and 540 in monospecific beech stands. The possible effect of different NFI protocols in different countries was minimized by always selecting the pseudo-triplet within the country. Furthermore, it was controlled that for each pseudo-triplet, the differences between the values of M, dg, and H o in mixtures and monospecific plots were less than 20% of the corresponding variable range.
The general model (Equation (1)) was refitted for each replication of pseudo-triplets obtaining a set of 1000 models per species; each model developed using 1080 plots, half in monospecific and half in mixed stands. Predictions from these models were used to estimate mean values of basal area growth efficiency in monospecific and mixed stands. The overall means and their corresponding standard errors were then calculated and used to estimate the confidence interval of estimates at the 0.95 confidence level, which corresponds to the uncertainty due to the selection of pseudo-triplets. Table 2 shows the estimated coefficients and their corresponding standard errors for the model fitted using all the available data for pine and beech species. For both species the basal area growth efficiency increased when the quadratic mean diameter, as a surrogate of age, decreased (Figure 2a 
Results
Mean Mixing Effects on Basal Area Growth
the dominant height, as a surrogate of site quality, increased. However the increase in Ho resulted in greater increments in GE for beech than for pine (Figure 2b) . Moreover, the growth of both species increased with stocking degree (RD), although the loss in basal area increment when the stocking degree decreased was less for beech than for pine stands (Figure 2c ). There was an opposite influence of humidity for each species: basal area growth improved in pine species but was worse in beech when M was higher (Figure 2d ). However, in the case of pine the rate of increment decreased at high densities whereas there was no interaction between density and humidity for beech. beech when M was higher (Figure 2d ). However, in the case of pine the rate of increment decreased at high densities whereas there was no interaction between density and humidity for beech. According to the models, the mixing effects on the growth efficiency of species depend on the climate. Hence, when comparing monospecific stands and mixed stands with the same relative density (RD), the inter-specific effect on beech basal area growth was always positive as well as greater under more humid conditions, i.e., greater M values (Figure 3 ). In contrast, the growth efficiency in pine mixtures was less than the corresponding growth efficiency in monospecific stands, although this negative effect changed to positive at the more humid sites, approximately at a Martonne aridity index above 75, regardless of the density of the stands (Figure 4) . According to the models, the mixing effects on the growth efficiency of species depend on the climate. Hence, when comparing monospecific stands and mixed stands with the same relative density (RD), the inter-specific effect on beech basal area growth was always positive as well as greater under more humid conditions, i.e., greater M values (Figure 3 ). In contrast, the growth efficiency in pine mixtures was less than the corresponding growth efficiency in monospecific stands, although this negative effect changed to positive at the more humid sites, approximately at a Martonne aridity index above 75, regardless of the density of the stands (Figure 4) . According to the models, the mixing effects on the growth efficiency of species depend on the climate. Hence, when comparing monospecific stands and mixed stands with the same relative density (RD), the inter-specific effect on beech basal area growth was always positive as well as greater under more humid conditions, i.e., greater M values (Figure 3) . In contrast, the growth efficiency in pine mixtures was less than the corresponding growth efficiency in monospecific stands, although this negative effect changed to positive at the more humid sites, approximately at a Martonne aridity index above 75, regardless of the density of the stands (Figure 4) . 
Uncertainty of Mixing Effects
With regard to the mean mixing effects explained in Section 3.1, the confidence intervals of predictions obtained from the pseudo-triplets replication reveal that the mixing effects were not always significant ( Figure 5 ).
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The total basal area growth can be estimated as the sum of the growth of both species. Under the assumption that both species have the same quadratic mean diameter, the ratio between total basal area growth in mixtures and in monospecific stands resulted in values greater than 1 for medium to high humidity conditions while for the driest sites ( Figure 5 , Total M = 40) the effect ranged from positive to negative.
Discussion
Species Growth Efficiency According to the General Model
The methodology employed in this study, i.e., the use of National Forest Inventory plots together with growth or efficiency models, has frequently been used to compare productivity between mixtures and the corresponding monospecific stands (e.g., [13, 19, 33, 53] ). However, debate surrounds the use of these data for this purpose given the lack of control of the conditions associated with the NFI data, which could result in the mixing effect being confounded with other factors [35, 54] .
One of the main limitations in the use of these data is the lack of information on stand ages and site quality conditions. In this study, the relationship between dominant height and quadratic mean diameter was used as a surrogate of these data. The stand basal area growth was found to increase with the stand dominant height, which might represent site quality when all the other variables remain constant (Figure 2) . Analogously, the stand basal area growth decreases as the quadratic mean diameter increases, which could be interpreted as a proxy of the stand development stage [55] . These two variables have been used successfully as a method to quantify site productivity in other similar studies [56, 57] as well as for modelling and analyzing mixing effects [13, 19, 26] .
The Martonne aridity index was used as a measure of site conditions since it was expected that the relationship between species would vary under different climatic conditions [28, 29, 58] . This index was used as a measure of humidity, although it was positively related with other site conditions such as elevation. Therefore, the generally positive effect of the Martonne index on productivity may be counteracted by elevation as the latter reduces the length of the growing season and productivity [59] . Thus, while the positive effect of M on the pine basal area growth seems to be related to the humidity, the negative effect on beech may be explained as an effect of elevation (Figure 2d) .
Furthermore, all models showed an increase in growth with the relative stand density (Figure 2c ), although the increment of the pine basal area growth was steeper. This agrees with the findings of Assmann [60] , who reported that the critical stocking level for beech was much lower than for Scots pine (Figure 2c ). Relative value, i.e., observed density in relation to the maximum density, was used to allow comparison between monospecific and mixed stands otherwise, mixing effects that do not exist could be presumed or the other way around [40] . It is important to note that when working with a large gradient of sites, the use of site-dependent species-specific maximum density lines is critical because the maximum density of a species can differ greatly for a given site [38, 61] . In this study, the maximum density lines dependent on the Martonne aridity index developed by Condés et al. [38] as the same mixtures were used, being proven that the methods based on these for calculating species proportions performed correctly [42] .
The influence of relative stand density on the mixing effects has been reported in other studies, which have found stronger species interactions at higher growing stocks [12, 62] . In the case of beech, the positive effect of growing in a mixture was stronger as stand density increased, which is in agreement with results reported by Condés et al. [19] for the same mixture in the region of Navarra (Spain). However, the observed mixing effects on pine differ between the two studies, in both cases positive and negative effects are reported although in each case dependent on different factors, i.e., species proportion and humidity. This is supported by the lack of significance of mixing effects on pine under medium and high humidity conditions ( Figure 5 ), suggesting high variability in the response of pine.
Comparing our results with the findings of an empirical study based on a pine-beech transect of triplets across Europe [31] , we were able to verify the positive effect of pine on beech basal area growth and the non-significant effect of beech on pine. In contrast to our study, no significant effects of the Martonne index on the relative productivity were found in the European transect study, either for total stand or by species. This could be due to the fact that the Martonne index range was narrower in the triplet transect study (usually between 30 and 60 mm/ • C) than in our study, or to the much smaller sample size in the triplets transect study, or to the different definition of species proportions, which in the case of the transect study did not consider variation in maximum stand density with site conditions [31] .
Total Stand Over-Yielding
When estimating total over-yielding ( Figure 5 ), both species were considered to have the same quadratic mean diameter, i.e., they reach the same diameter at the same time. However, our data shows that the plots located in mixtures are clearly dominated by pine trees in terms of quadratic mean diameter (on average dgpine/dgbeech is 1.6 with standard deviation 0.7). Only 22% of the plots located in mixtures present a dominance of beech over pines. Similarly, in the European transect study, the mean value of this ratio was 1.47, with only one triplet where the quadratic mean diameter of beech was greater than that of pine in the mixed plot [63, 64] . Figure 6 shows that the total over-yielding in the basal area was influenced by the different stages of development of each species. The greater the quadratic mean diameter of pine the greater the total over-yielding, although this effect was more evident when there was a high proportion of pine and humidity was low. This general over-yielding observed when the pines are of a greater size than beech agrees with the findings of Pretzsch et al. [31] who reported over-yielding in terms of stand basal area growth. The opposite effect occurred as the quadratic mean diameter of beech increased, leading to a decrease in the total over-yielding ( Figure 6 ). This finding was especially notable at the less humid sites (M near 30 mm/ • C), where the ratio could switch from less than 1 to greater than 1, i.e., from under-yielding to over-yielding, when the European beech was the size-dominant species in the mixtures.
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When estimating total over-yielding ( Figure 5 ), both species were considered to have the same quadratic mean diameter, i.e., they reach the same diameter at the same time. However, our data shows that the plots located in mixtures are clearly dominated by pine trees in terms of quadratic mean diameter (on average dgpine/dgbeech is 1.6 with standard deviation 0.7). Only 22% of the plots located in mixtures present a dominance of beech over pines. Similarly, in the European transect study, the mean value of this ratio was 1.47, with only one triplet where the quadratic mean diameter of beech was greater than that of pine in the mixed plot [63, 64] . Figure 6 shows that the total over-yielding in the basal area was influenced by the different stages of development of each species. The greater the quadratic mean diameter of pine the greater the total over-yielding, although this effect was more evident when there was a high proportion of pine and humidity was low. This general over-yielding observed when the pines are of a greater size than beech agrees with the findings of Pretzsch et al. [31] who reported over-yielding in terms of stand basal area growth. The opposite effect occurred as the quadratic mean diameter of beech increased, leading to a decrease in the total over-yielding ( Figure 6 ). This finding was especially notable at the less humid sites (M near 30 mm/°C), where the ratio could switch from less than 1 to greater than 1, i.e., from under-yielding to over-yielding, when the European beech was the size-dominant species in the mixtures.
Despite the differences found in the quadratic mean diameters of the species, the methodology may not be the most appropriate to study the contribution of each species to the total over-yielding, as we did not analyze them simultaneously. Other sources of data such as triplets under ceteris paribus conditions or replacement series experiments, where the growth of each species in monospecific and mixed stands can be directly compared, are more suitable for this purpose [31, 34] . Furthermore, species mixing may substantially increase stand density [37] and therefore total over-yielding, which cannot be assessed in our approach, highlighting the complexity of species interactions [23] . Despite the differences found in the quadratic mean diameters of the species, the methodology may not be the most appropriate to study the contribution of each species to the total over-yielding, as we did not analyze them simultaneously. Other sources of data such as triplets under ceteris paribus conditions or replacement series experiments, where the growth of each species in monospecific and mixed stands can be directly compared, are more suitable for this purpose [31, 34] . Furthermore, species mixing may substantially increase stand density [37] and therefore total over-yielding, which cannot be assessed in our approach, highlighting the complexity of species interactions [23] .
Mixing Effect Uncertainty
One of the more innovative aspects of this work is the uncertainty analysis, which allowed us to confirm the mixing effects on some species and/or under certain conditions and to highlight the weakness of other results. Several authors have used similar Monte Carlo techniques for assessing the uncertainty of growth models [44, 65] . However these authors generally used the hybrid inference, i.e., the combination of different sources of errors (e.g., sampling and models) in order to determine the total uncertainty of predictions [66, 67] . The novel aspect of the present study is that the same technique was used to analyze the mixing effects using inventory data. In this case, model uncertainty becomes essential as the conclusions reached through model predictions will be highly dependent on the data used for parameterization [68] .
Unlike the triplets established for analyzing mixtures, the NFI plots are rarely fully stocked [31] . In our data, 75% of plots in monospecific pine stands had a RD of less than 0.73 and less than 0.68 for monospecific beech stands. Hence, the confidence intervals for predictions of the mixing effects at high density levels were greater ( Figure 5-dark lines) . The same occurred with high Martonne aridity index values when analyzing the mixing effect of pine. Although monospecific stands of pine could be located even at sites with M around 100 mm/ • C, most were located at sites with M less than 70 mm/ • C, and therefore the results for pine at higher levels of humidity are not conclusive ( Figure 5 ).
The uncertainty analysis decisively influences the reliability of the results and therefore should be taken into account, for instance, when developing more precise silvicultural guidelines for mixed forests. However, to the best of our knowledge, this is the first time that a mixing effects study based on models developed from inventory data goes beyond a discussion of the results and includes any kind of uncertainty analysis.
Strengths and Limitations of NFI Databases
NFI were originally designed to estimate species distribution and timber stocks and, although their scope has broadened to include new variables, permitting new assessments related to sustainable ecosystem management [69, 70] , their use in growth modelling has frequently been criticized [71, 72] . Critics point to the lack of information on site characteristics, stand age, stand history or past management as the main shortcomings of these databases [27] and suggest that this lack of control of all factors may result in the mixing effects being confounded with other hidden drivers [35] . Similarly, the difficulty to estimate correctly size distribution from NFIs data (due to the concentric sample plots design and the different plot radius between countries) made us give up the inclusion of size structure in the analysis. However recent studies found that stand productivity in mixed stands is related not only to species composition but to size structure (e.g., [73] [74] [75] ). On the other hand, the main advantage of using data from NFIs is that they provide systematic information and therefore there are data of many species mixtures covering larger gradients of site and stand conditions than those available through other sample plots [21, 30] . Thus, the NFI data allows us to evaluate interactions between mixing effects and site-and stand conditions.
There is no doubt that long-term experiments, or temporal plots with back-tracing of their history through increment coring like the pine-beech transect we already talked about [31] , are of particular interest to quantify the mixing effects. Despite the debate surrounding the use of NFI data for analyzing the effects of mixing given the lack of ceteris paribus control of conditions [27] , the fact that our findings agree with the results from pine-beech transect across Europe [31] highlights the suitability of these datasets for evaluating species interactions. Moreover, for many combinations of species, such data, including a wide spectrum of developmental stages, soil, and climatic conditions are rare or non-existent. Therefore, in such cases, NFI data may provide the only possibility for analyzing the mixing effects. However, the results obtained should be treated with caution and always accompanied by uncertainty assessments.
Conclusions
The main objective of this study was to evaluate the mixing effects on Scots pine and European beech productivity using models developed from NFI data across the gradient of site conditions in Europe, identifying the strengths and limitations of this approach.
Our results showed that the mixing effects are species specific and are modulated by site humidity as a measure of climatic conditions. We found a positive effect of pine on beech basal area growth, which was slightly greater for the more humid sites. In contrast, beech generally had a negative effect on pine basal area growth, although the effect seems to switch to positive at the more humid sites. Furthermore, the analysis of uncertainties confirmed the positive effect of mixing on beech and suggested a high variability in the response of pine, showing a lack of significance of mixing effects on pine, especially under conditions of medium and high levels of humidity.
The agreement between our results and those from studies developed using data from pine-beech triplets [31] , together with the methodology developed for assessing model uncertainty, represent a step forward in the use of NFI datasets to evaluate mixing effects.
